Abstract. The study of the structural dynamics is essential for understanding and assessing of any engineering product performance, knowledge of dynamic structural response being fundamental to ensuring a sustainable and safe product functioning. From all techniques for structural response assessment, the experimental modal analysis (EMA) provides one of the most comprehensive tools for collecting the experimental data, relevant for structure investigation and assessing of the structural response under normal or imposed operating conditions. Once identified the structure in terms of modal model, it can begin to its optimization to face new challenges or functioning tasks. The article presents an experimental modal analysis application, performed on a LEMA 6000kW electric locomotive body on the production cycle of SC Softronic Craiova. The application was made to validate the dynamic finite elements model realised in order to certify the crashworthiness locomotive design and to evaluate the body interaction with bogie and track to avoid the locomotive structural resonance phenomena.
Background of experimental modal analysis
Experimental modal analysis (EMA) is the process of building the mathematical model of a system based on experimental determined modal parameters in view to investigate the structural response to the given load conditions, to evaluate the effect of controlled structural changes, or to evaluate the structure response to the required conditions in new applications.
Usually, by using the numerical analysis techniques it is done the analysis of structure vibration state in terms of frequency response function (FRF). A set of FRF measurements carried out in well-defined conditions and points on the structure, can provide a comprehensive response of the structure to specified conditions of excitation.
Through experimental modal analysis are determined the modal parameters of the system in terms of: modal frequencies, modal damping and modal shapes, which together provide a complete description of the intrinsic dynamic characteristics of the structure, independent of the structural excitation.
Modal analysis can be achieved through both analytical techniques and experimental techniques, the two types of analysis leading practically to the same modal parameters. A complete modal analysis assumes utilization of the combined techniques, analytical and experimental, in this case the experimental model serves as a validation tool of analytical model. Modal models are not the models of the system itself, but rather are models of dynamic behavioural of the system constrained by a set of hypotheses and boundary conditions.
The analytical model is based on equations associated with the system mass and stiffness distribution, calculated by imposing a given set of boundary conditions. The analytical model, usually, is prepared using the finite elements method (FEM) and associated mathematical model involves a set of complicated coupled differential equations that can be solved only by using advanced computing techniques.
The experimental model is based on vibrational response data measured on the system in well-defined conditions, which is a mirror of the system under measurement. Associated mathematical model consists of a limited set of differential equations, one for each degree of freedom. This model is often referred as "experimental modal model".
Experimental modal analysis techniques are used in a wide range of applications, including: structural optimization; prediction of dynamic behaviour; assessment of the excitation forces from only vibration response; prediction of structural response under the effect of complex excitations; validation of analytical finite elements model by experimental data; detection, location and evaluation of structural defects.
Mathematical models used in experimental modal analysis
The most general mathematical model is one in which the matrices of mass, stiffness and damping forces are estimated based on measurements of vibrational excitation and response.
The mathematical model is based on a system of differential equations adapted to the calculation method, which can be in time domain or frequency domain. Equation (1) shows the general form of the moving equation for the time domain, and equation (2) shows the general form of the moving equation for the frequency domain.
If the equations (1) and (2) are used as a model to estimate the modal parameters, the unknown matrices elements must first be estimated from experimental data, through measurements carried out in time or frequency domains. Once the matrices elements were estimated, the modal parameters are found as solution of a eigenvalues and eigenvectors problem.
Because of the truncated data in terms of content, frequency range, number of degrees of freedom, or due to errors in measurements, the matrices in the equations (1) and (2) are not generally directly comparable with the matrices determined by an finite element approach. Instead, the matrices which are estimated by such procedures provide valid relationships between input-output quantities and correct modal parameters. This is because there are an infinite number of sets of matrices of mass, damping and stiffness which leads to the same modal parameters in the same frequency range and in the same measurement range. The most mathematical models describing the dynamics of an elastic system with N degrees of freedom, can be arranged in a suitable form, in such a way as to be described by the following relationships defined in the time domain (relation 3) or frequency domain (relation 4) :
(6) In relations (1) ... (6) have been used the following notations 1: -angular frequency variable (rad/sec); p -measured degree-of-freedom (response); qmeasured degree-of-freedom (input); r -modal vector number; N -number of modal frequencies;
-residue for mode r; -complex modal scaling coefficient for mode r; Ψ -modal coefficient for measured degree-of-freedom p and mode r; L -modal participation factor for reference degree-of-freedom q and mode r; -system pole.
The great majority of modal parameter estimation techniques assume that the system is linear and time invariable. In fact, depending on the analysed system and on conditions under which excitation was carried out, these assumptions are valid in a proportion greater than or less than, but almost never true at all. The analytical model represented by equations (4) is a nonlinear model in terms of modal parameters, . The difference between the various modal parameter estimation algorithms consists in the modality of solving the nonlinearities of mathematical models. There are a wide variety of algorithms for determining the modal parameters, but the most used techniques are: Rational Fraction Polynomial-Z (RFP-Z) and Polyreference Time (PDT). Both techniques works with complex modes and have the great advantage that can process data input from multi-reference imputes. In this way, any situations of real modes or unireference excitation can be treated as a particular case. -PULSE LabShop, software module for data acquisition control and real-time multichannel processing; -Structural Dynamic Test Consultants, software module working under PULSE LabShop, providing a dedicated environment for modal analysis tests driving using the classical excitation technics of impact hammer or shaker. Drives the measurements through simple steps, providing an intuitive graphical interface which connects the test configuration, geometry of test structure and information concerning the degrees of freedom of excitation and response. At the final stage, the measured FRF together with the structure geometry are transmitted to PULSE Reflex Modal Analysis, which is automatically launched.
-PULSE Reflex Modal Analysis, post-processing mode for classical modal analysis. Uses a wide variety of modal identification modules, including PTD and RFP techniques. 
Experimental modal analysis test on an electric locomotive body
During the tests the locomotive body was only equipped with the two obstacle deflectors, without caps doors and other equipment. To ensure a correct application of EMA techniques, it was ensuring the conditions of pseudo-freedom vibrations of the body by suspending it on four winches, which, by their lifting axle and sole support, provides enough elasticity to consider the locomotive body as a free body, for the low level vibration displacements, so not restricting the degrees of freedom of the body 2.
It has used the method of excitation in one point by sinusoidal excitation sweep in the frequency range of 2-200 Hz with electrodynamic shaker attached to the strength structure of sideframe, under the driver's cab, near the mounting point of obstacle deflector. The excitation force transmission was carried out by means of a spring steel rod with a diameter of 5 mm, to avoid the effects of parasitic coupling between the shaker and body. The mounting schemes for EMA tests is presented in Fig. 1 . Fig. 1 . Experimental modal analysis test on a locomotive body using the shaker excitation method.
Data acquisition was carried out under SDTC in which it was achieved the body geometry and it has been developed the test program, being planned eight sequences for measuring of dynamic response. For the 8 measuring sequences, the structure excitation was maintained at said point, point 67 as shown in Figure 2 . At one measuring sequence, the dynamic response was determined in 5 measuring points, for each point being determined the vibratory response on the vertical, longitudinal (along the body) and transverse (across the body) directions. So for each sequences were measured 15 degree of freedom of response and 1 degree of freedom of reference (excitation). The global EMA test involved a total of 120 measuring response for one reference point 67, resulting in a total of 120 frequency response functions. Figure 2 presents the panel driving for one measuring sequences under SDTC. On the geometric model it is positioned the shaker excitation in 67 point and frequency response functions of points 36, 49, 75, 46 and 53 in the 7 th measuring sequence. The distribution of the measurement points was carried out in such a way as to be representative for dynamic response of locomotive body and to be enough distanced in order to achieve a correct body animation in the natural vibration modes. To achieve a high accuracy of FRF, has selected a frequency resolution of 62.5 mHz and a linear mediation over 237 FRF sequences. 
Modal analysis of electric locomotive body
Modal analysis of recorded data was performed with PULSE Reflex Modal Analysis. In the first stage it was done the validation of acquired data by analysing the noise in excitation and response, as well as by structure animation at different frequencies in the test domain, as in Figure 3 . In this step can be eliminated the aberrant data. In this paper have been used two methods to estimate the modal parameters, Rational Fraction Polynomial-Z (RFP-Z) and Polyreference Time (PDT), both the higher order methods, recommended for working in wide band frequency, being able to working with large number of modes. Given the purpose application, validating the analytical model with finite elements, the frequency domain was limited to 5 ... 35Hz. Modal shapes can be exported in a tabular form providing: damped frequency (Hz), damping (%), and mode complexity. For each of modes are transmitted separately for each measured degree of freedom (DOF) the following parameters needed for the modes rebuilding: DOF direction, mode magnitude, mode phase. These parameters are transmitted separately for: residue, unity vector length and unity modal mass.
Mode shapes determined by EMA serve as a validation tool for analytical model realised by finite elements analysis. Validated FEA model was used for evaluating the collisions resistance of LEMA locomotive and to estimate the body interaction with the bogie and track to avoid the structural resonance phenomena. This analysis are not the subject of this article. 
Conclusions
The article presents an EMA application performed on an empty locomotive body in order to achieve the modal model which shall be later used as a validation tool for analytical finite element model. The modal model is described through: damped frequency (Hz), damping (%), and mode complexity. It can be successfully used for prediction of the body structural response under the effect of complex excitations like as that from bogie and track.
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